ABSTRACT: Seepage of water through earth fill dam involves both the saturated and unsaturated flows of water. Unsaturated flow of water is often neglected because of the complexity required in solving the non-linear partial differential equation involved. This paper presents a seepage analysis of water flows through the partially saturated Renyi-Tan earth fill dam in Taiwan. The governing non-linear partial differential flow equation together with equations representing the characteristics of dam materials was solved using a PDE solver. Two water storage functions, which were derived by differentiating the van Genuchten (1980) and Leong and Rahardjo (1997) 's SWCC functions, have been used, and the two sets of results obtained have been compared for their sensitivity in seepage analysis of the study dam.
INTRODUCTION
Seepage analysis is important in the assessment of long term stability of slope, underground excavation, dam, etc.
For homogeneous and isotropic material, the flow of water in saturated zone is commonly estimated by solving the linear partial differential equation (PDE) through the use of the graphical flow net method (Thieu et al., 2001 ). The flow of water in unsaturated soil is a very complicated problem because water flow and moisture content in unsaturated soil may vary both spatially and temporally as a result of time-dependent changes in environmental conditions, such as rainfall and rising water-table, and the storage capacity of soil (Lu and Likos, 2004) . The environmental changes are normally considered by including them into the boundary conditions of the problem under consideration while the storage capacity of the soil is considered via the governing laws of flow, which is essentially represented by a non-linear partial differential equation.
Taiwan is receiving plenty of rainfall that was brought by typhoons between May and October every year. Not only could the stability of dam be affected by the sudden rise of the upstream water-table it could also be affected by the infiltration of the rain. Taking two different functions of water storage capacity of soil into consideration, this study aims at examining the generation and distribution of porewater pressure of Renyi-Tan earth fill dam due to the rising upstream water-table and rainfall infiltration. The two sets of results, generated by the two water storage functions, are then evaluated and compared in terms of pore-water pressure contour generated in the dam.
THEORETICAL BACKGROUND
The governing law for transient water flow in soil under isothermal conditions can be derived by applying the principle of mass conservation, which is also called the continuity principle. It states that for a given elemental volume of soil, the rate of water loss or gain is conservative and is equal to the net flux of inflow and outflow, leading to (1) where is the density of water (kg/m 
where k x = hydraulic conductivity and hydraulic gradient in x-direction and so on, thus
Darcy's law also applies to water flow through unsaturated soil (Richards, 1931) . However, the hydraulic conductivity in the unsaturated soil cannot be assumed to be a constant, as in the case of saturate soil, but a function of soil suction h (Richards, 1931) , hence
The term can be written in terms of matric suction head (5) where is the gradient of the soil-water characteristics curve (SWCC), plotted in terms of volumetric water content vs suction head, and is referred to the water storage function. Fredlund and Morgenstern (1976) The PDE for water flow through an unsaturated soil is thus:
To solve this PDE, three characteristic functions: (i) SWCC function, (ii) hydraulic conductivity function, and (iii) water storage function must first be defined. The SWCC is the relation between the volumetric water content and matric suction; the hydraulic conductivity is a function of the volumetric water content, which is in turn a function of matric suction; and the water storage, which is the gradient of the volumetric water content vs matric suction curve, is an indication of the amount of water entering or leaving the soil as a result of a change in the pore-water pressure or matric suction.
NUMERICAL MODELING
The solution to the above non-linear PDE can be obtained by ML material (Fig 1) . The surface layer of the shell was covered by gravelly material.
Input Parameters
Equation (7) reveals that three characteristic functions (SWCC, hydraulic conductivity and water storage) are needed in this seepage analysis. 
SWCC
Experimental data of the SWC of the three materials (CL, ML, and SM) have been obtained using the pressure plate extractor tests (Fig. 2) . The figure shows that the saturated volumetric water content for CL, ML and SM materials was 45%, 37%, and 35%, respectively. These data were fitted, with the fitting parameters a, n, and m tabulated in Table 1 , using the functions proposed by van Genuchten 
The laboratory measured saturated hydraulic conductivity for the SM, ML, and CL materials was 7.00E-6 m/s, 2.45E-8 m/s and 1.29E-10 m/s, respectively. The corresponding fitting parameters a, n and m used in the two functions have been shown in Table 1 .
Water Storage
The water storage function , as described earlier, is the gradient of the SWCC. Hence, after differentiating the
SWCC functions of van Genuchten (1980) and Leong and
Rahardjo (1997), respectively, we obtained the following two water storage functions: * * * * * * (12) * * * * *
The relationship between and matric suction is shown in Fig. 4 . The relatively sharp peak for the SM materials reflects that it has a relatively narrow pore size distribution (Lu and Likos, 2004 ).
Environmental Parameters
Rising water- (Fig. 5a ).
The rise of the water- 
Boundary Conditions
The 
RESULTS AND DISCUSSION
The above seepage analysis results are evaluated and plotted here in terms of pore-water pressure distribution. At the crest, the value of the matric suction was 196 kPa.
Steady State: Initial condition
In practice, dam design required the water to exit the dam before the toe of the downstream slope. If the water-table had extended to the toe of the dam, there would be concern that the toe of the dam would become unstable due to piping failure. As expected, with a filtering layer installed at the base of the downstream slope it is obvious that the pore-water pressure was unable to accumulate in the downstream semi-permeable zone (Fig. 6) . In this zone, most of the pressure dissipated along the filter of the dam with zero pore-water pressure as shown by contour "d" in Fig. 6 .
Above the filtering layer, negative pore-water pressures (matric suction) exist. In general, matric suction would increase shear strength and, thus, the stability of the downstream slope in this case. In addition, the existence of the matric suction in the downstream slope would also prevent the occurrence of piping at the toe of the downstream slope. 
Transient State: Rising water-table
The process of filling up a reservoir is a transient process.
The upstream water-table rose 7.09 m during a nineteenday period between 21 May and 9 June (Fig. 5a ). This is 
Transient State: Rainfall infiltration
By setting the upstream water-table at EL. 96.54 m and using the daily rainfall pattern shown in Fig. 5(b) , the distribution of pore-water pressure of the dam due to rainfall infiltration could be obtained. For both functions, except near the dam crest, no significant variation in pore-water pressure distribution was observed in the dam between day-11 and day-31 results. This was due to the low infiltration capability of the dam. There was a reduction of matric suction at the crest of the dam after a period of continuous rainfall. The magnitude of reduction was clearly seen in the van Genuchten's function while it was not so obvious in the Leong and Rahardjo's function. van Genuchten's function shows that the value decreased by about 27 kPa between day-1 and day-31.
CONCLUSIONS
Seepage analysis using two different water storage functions for a saturated-unsaturated earth fill dam has been performed and compared. Effects of rising water -table and rainfall were shown by the change of pore-water pressure distribution at the crest and shell regions of the dam. Preliminary result revealed that analysis using the water storage function derived by differentiating the van Genuchten's SWCC function is more sensitive in capturing changes of matric suction than the Leong and Rahardjo's function.
